The naphthoquinone shikonin is the main active principle of Zicao, a traditional Chinese herbal medicine made from the dried root of Lithospermum erythrorhizon. Studies carried out over the past 30 years have provided a scientific basis for the use of Zicao which has been long employed in folk medicine to treat a variety of inflammatory and infectious diseases. In particular, shikonin has been shown to possess many diverse properties, including antioxidant, anti-inflammatory, antithrombotic, antimicrobial, and wound healing effects. The fact that shikonin shows so many beneficial properties has increased the interest in this molecule dramatically, especially in the past few years. The aim of this review is to provide an update of the new data published on shikonin, whose wide spectrum of pharmacological effects as well as pharmacokinetic properties and toxicity make it a highly interesting target molecule.
The pharmacokinetics and bioavailability of shikonin
Based on the long history of Zicao as an effective treatment for a variety of inflammatory and infectious diseases, various studies have been carried out to identify its primary active principles, with all of them indicating that shikonin and its derivatives are the main active components [1] . Previous reviews [1, 2] had already reported on the known pharmacological properties of shikonin as well as on its pharmacokinetic behavior and toxicity. Unfortunately, studies on the toxicity of this molecule in different species and with different administration routes are still missing and should be carried out. Due to its high lipophilicity, shikonin is generally used in creams and ointments, that is, oil-based preparations; indeed, its insolubility in water is usually the cause of its low bioavailability [3] . Moreover, shikonin and its derivatives are also thermolabile and prone to oxidation and polymerization [3] [4] [5] . One study using 3 H-shikonin in mice showed that shikonin was rapidly absorbed after oral and intramuscular administration, with a half-life in plasma of 8.79 h and a distribution volume of 8.91 L/kg. After intravenous injection, most of the excreted radioactivity corresponded to the transformed metabolite. In order to improve the stability and water solubility of shikonin, several approaches have been tried. Thus, in 1996, Chen et al. [6] were able to achieve an approximate 200-fold increase in the solubility, photostability, and in vitro permeability of shikonin through the formation of a 1 : 1 inclusion complex with hydroxypropyl-β-cyclodextrin. In 2004, Assimopoulou and Papageorgiou [5] confirmed these results in a study in which they explored the inclusion of shikonin, alkannin, and their derivatives in β-cyclodextrin and hydroxypropyl-β-cyclodextrin. More recently, Albreht et al. [3] were able to achieve a 181-fold increase in the solubility of shikonin in aqueous media in the presence of β-lactoglobulin at a concentration of 3.1 mg/mL. Because they are generally recognized as safe, proteins such as β-lactoglobulin are widely used in the food and pharmaceutical industries. One shikonin molecule binds covalently to β-lactoglobulin via Cys121, whereas the remaining pigment molecules most probably bind to the protein via non-covalent interactions. In order to facilitate cellular intake, Xia et al. [7] prepared shikonin-containing liposomes using shikonin, soybean phospholipid and cholesterol, and dehydrated alcohol. The lipo- somes were used to study the angiogenic suppression and cellular uptake by the MTT assay, Transwell tests, as well as chick chorioallantoic membrane and Matrigel plug assays, which demonstrated that shikonin liposomes decreased toxicity, rate of inhibition of migration, and angiogenic suppression compared to free shikonin. A different approach involves the encapsulation of shikonin. Assimopoulou et al. [8] found that the combination of ethylcellulose (viscosity = 10 cp) as a matrix, mastic gum as a core additive, low dichloromethane volume, and low sodium dodecyl sulfate concentration results in microcapsules with the best characteristics in terms of efficiency, loading, release, and particle size distribution. Huang et al. [9] studied different alternatives for microencapsulation and established the best proportions for stability and coacervation processes as a surfactant/oil ratio of 1/10 and a gelatin/oil ratio of 1/5 with a pH condition of 4-6. They also observed that one core microcapsule prepared with 6% glycerol could be a good potentially nontoxic crosslinking material for the applications of encapsulated extracts containing shikonin, because it has the same crosslinking effects as those used to obtain gelatin/acacia microcapsules. Other biodegradable and/or biocompatible polymeric materials are the electrospun poly(ε-caprolactone)/poly(trimethylene carbonate) ultrafine composite fiber mats, prepared by Han et al. [10] who demonstrated their potential as effective carriers for shikonin delivery. After demonstrating the drug stability, high drug-loading efficacy, and the stability of the shikonin-loaded composite fibers, they studied the in vitro release and observed that the initial rapid release of shikonin is followed by a plateau after 11 h. This release behavior could be used as a drug delivery system but also in the treatment of wound healing or dermal bacterial infections due to the free radical scavenging properties and the antibacterial activity (which will be later discussed in this review) of the shikonin-loaded fiber mats. This interest in topical or transdermal biomaterial containing shikonin was later ratified by Kontogiannopoulos et al. [11] . They prepared different biocompatible polymers to produce electrospun fiber mats containing shikonin in various amounts. Shikonin was incorporated and did not affect fibers morphology. In addition, they conclude that the prepared shikonin-loaded e-spun submicron-sized fiber mats are advantageous compared to conventional wound healing devices. One year later, the same authors [12] used chi-aDDnSs, which are mixed nanosystems combining different biomaterials that can offer advantages as drug carriers. They applied this system for the characterization of the shikonin-loaded chi-aDDnSs, which was performed by measuring their particle size distribution, ζ-potential, drug encapsulation efficiency, stability, and the in vitro release profile. These properties gave promising results, which confirmed the interest of this kind of formulations, and the authors hypothesize that it could be used as a road map for designing in vivo experiments.
Shikonin in Inflammation

!
The anti-inflammatory effect of shikonin has been studied for years in animal models of inflammation, and its potential mechanisms have been investigated in vitro. The reviews published by Chen et al. [1] and Papageorgiou et al. [2] list the most relevant studies conducted up to 2002, concluding that the anti-inflammatory effects of shikonin and some of its derivatives can be attributed to several distinct mechanisms of action, for example, inhibition of the biosynthesis of leukotriene B 4 , suppression of mast cell degranulation, inhibition of the respiratory burst in neutrophils, alteration of phosphatidylinositol-mediated signaling, or blockade of chemokine binding to the CCR-1. According to Kourounakis et al. [13] , the naphthazarin structure of shikonin and its derivatives makes them free radical scavengers. This may be one of the mechanisms of action that gives shikonin its antiinflammatory properties. It was also demonstrated that shikonin has a better potency as a COX inhibitor than alkannin, but also higher cytotoxicity and pro-oxidant activity [14] . However, recent papers have demonstrated the implication of other mediators as well as other signaling pathways, thus broadening shiko-ninʼs possible mechanisms of action and therapeutic potential.
Shikonin in classic anti-inflammatory mouse models
The dichloromethane extract of L. erythrorhizon was studied by Zeng [15] in two classic models of anti-inflammatory activity: mouse ear edema induced by application of TPA and mouse paw edema induced by subcutaneous injection of carrageenan into the plantar foot. In both cases, the extract was observed to inhibit the edema. The researchers identified the prenylnaphtoquinones present in this extract as the probable active agents. The activity of other shikonin derivatives as anti-inflammatories has been also established by other authors, such as Kundakovic et al. [16] , who described the effects of β,β-dimethylacrylshikonin, isovalerylshikonin, and acetylshikonin on a carrageenan-induced rat paw edema test, the last one being the best anti-inflammatory agent, with an ED 50 of 6.91 mg/kg (p. o.). In addition, the n-hexane extract obtained from the roots of L. erythrorhizon, which contains shikonin, acetyl shikonin, isobutyryl shikonin, β,β-dimethylacryl shikonin, and isovaleryl shikonin as the most relevant compounds, was tested on the transcriptional activation of the TNF-α promoter in mouse abdominal skin transfected with plasmid pTNFP-Luc via gene gun delivery as a model of inflammation [17] . This hexane extract (100 µg of each test agent/site/mouse) significantly inhibited (49%) the transcriptional activity of the TNF-α promoter in comparison with the untreated controls in the in vivo system. All the tested compounds inhibited TNF-α promoter activity in a dose-dependent manner, but shikonin (77-96 % inhibition at 50-200 µg/site/ mouse) and isobutyryl shikonin (61-89 %) exhibited the highest inhibition of the transcriptional activation of the human TNF-α promoter through interference with the basal transcription machinery, inhibiting the binding of transcription factor IID protein complex (TATA box-binding protein) to the TATA box. In contrast, shikonin did not inhibit the phosphorylation of ERK1/2 or NF-κB p65 induced by particle-mediated injury/stress in mouse skin [17] .
Other studies have been carried out using the active principle shikonin. Andújar et al. [18] studied the effect of shikonin on mouse ear edema induced by TPA and found that it exerted antiinflammatory activity, as demonstrated by the reduction of the edema, the inhibition of COX-2 by 70 %, and the complete inhibition of iNOS. Topical treatment with shikonin significantly decreased TPA-induced translocation of protein kinase Cα along with the phosphorylation and activation of ERK1/2, the nuclear translocation of NF-κB, and the TPA-induced NF-κB-DNA-binding activity in mouse skin. These results were confirmed in vitro in RAW 264.7 cells, where shikonin (1 µM) significantly inhibited the binding of NF-κB to DNA in a dose-dependent manner as well as the nuclear translocation of p65 through a mechanism involving the downregulation of the inhibitor of NF-κB (IκB)α phospho-rylation. In a complementary study, Cheng et al. [19] investigated the effect of a mixture of shikonin/alkannin and their derivatives in RAW 264.7 macrophages stimulated with LPS. They concluded that this particular mixture inhibited LPS-induced nitric oxide and prostaglandin E 2 production, iNOS protein expression, and ERK, IκBα, and NF-κB activation. In all cases, the effect of the shikonin/alkannin mixture was higher than that of the other derivatives.
In contrast to Staniforth et al. [17] , who were unable to demonstrate that shikonin inhibited both ERK and NF-κB activation in vivo, these two studies, carried out by two independent groups [18, 19] , have demonstrated this inhibition both in vitro and in vivo. Since the administration of shikonin in vivo was topical in all of the studies, the discrepancies in the results are probably due to the different doses tested: Staniforth et al. [17] used shikonin at a dose of 100 µg/site/mouse, while Andújar et al. [18] calculated an ID 50 = 1.0 mg per ear. Lu et al. [20] studied the effect of shikonin in two other classic mouse models widely used in research on drugs with anti-inflammatory activity: xylene-induced auricle swelling and acetic acid-induced capillary permeability increase. The authors concluded that shikonin efficiently inhibited auricle swelling in a dose-dependent manner, with 4 mg/kg of shikonin yielding the same effect as dexamethasone at 2.5 mg/kg. In vitro, they demonstrated that shikonin inhibited TNF-α production in LPS-stimulated rat primary macrophages as well as NF-κB translocation from the cytoplasm to the nucleus. Moreover, at 1 µM shikonin blocked NF-κB nuclear translocation via inhibition of proteasome-mediated IκBα degradation and induced cell death by inhibiting the proteasome in macrophage cells. The principal targets studied for shikonin are summarized in l " Fig. 2 .
Shikonin in autoimmune-mediated inflammatory diseases
Shikonin in arthritis: In vivo, shikonin was found to be active in a mouse model of established collagen-induced arthritis, but not in the early arthritis [21] . Indeed, they observed that shikonin had no effect on the influx of inflammatory cells and tissue damage during the early arthritis. However, the intraperitoneal injection of shikonin (5 mg/kg) for 10 days after arthritis had been established significantly improved the macroscopic appearance and decreased cartilage destruction, reducing the expression of the Th1 cytokines TNF-α and IL-12 in both the synovial tissue and the articular cartilage through a mechanism involving T-bet. In contrast, the Th2 cytokines IL-10 and IL-4 remained elevated throughout treatment due to an increase in GATA-binding protein-3 expression. The expression levels of IL-6 were also inhibited. More recently, Kim et al. [22] published a study on the efficacy of shikonin in protecting the cartilage in a murine model of rheumatoid arthritis, also induced by collagen. In this case, the authors used a dose of 2 mg/kg of shikonin administered orally daily for 35 days. As in the previous study, the incidence, bone mineral density, bone mineral content, and joint histopathology all improved significantly, with a decrease in inflammation, joint destruction, and matrix metalloproteinase-1 production and a concomitant increase in the tissue inhibitor of metalloproteinase-1.
These two studies suggest that shikonin may be a good candidate for the development of a cartilage protective medicine. The transcription factors GATA-3 and T-bet regulate the differentiation of Th cells into either Th1 cells, which are responsible for cell-mediated immune defense against intracellular pathogens, or Th2 cells, which defend the host against extracellular parasites [23] . This polarization of Th cells is important because Th1 cells are Suggested targets for shikonin in inflammation. CREB (cAMP response element-binding protein); DAG (diacylglicerol); IKK (IκB kinase); IP3 (inositol trisphosphate); IP3R (inositol trisphosphate receptor); NEMO (NF-κB essential modulator); PIP2 (phosphatidylinositol 4,5-bisphosphate); PKC (protein kinase C); PLC (phospholipase C); RACK (receptor for activated C-kinase).
considered to play a central role in autoimmune diseases. Shiko-ninʼs ability to switch the established polarization by inhibiting T-bet and increasing GATA-3 expression could be crucial in the treatment of such diseases for which an effective, definitive therapy has yet to be developed. Shikonin in inflammatory bowel disease: Inflammatory bowel disease encompasses several pathologies that share various clinical and pathophysiological characteristics with rheumatoid arthritis. As immune-mediated inflammatory diseases, they are all treated with similar disease-modifying drugs, such as methotrexate, sulfasalazine, or more recently anti-TNF agents [24] . In a recent study, Andújar et al. [25] determined the effect of shikonin (25 mg/kg, p. o. twice during the experiment) on a mouse model of acute ulcerative colitis induced in Balb/C mice by oral administration of 5% dextran sodium sulfate. The authors found that treatment with shikonin prevented the shortening of the colorectum and decreased weight loss by 5 % while improving the appearance of feces and preventing bloody stools. Moreover, MPO activity was reduced as well as the expression of COX-2, the activation of NF-κB and that of STAT3. Cytokine production (TNF-α, IL-1β, and IL-6) was also inhibited. Similar results were obtained in primary macrophage cultures. Although these authors did not evaluate the effect of shikonin on T-bet and GATA-3 expression, the inhibition of Th1 cytokines in this model indicates that a similar mechanism of action for shikonin is at work in both arthritis and colitis. Shikonin in asthma: The usefulness of shikonin as an antiallergic agent has also been described. Tanako-Ohmuro et al. [26] reported that shikonin inhibits in a dose-dependent manner (IC 50 = 2.6 µM) histamine release mediated by anti-immunoglobulin E antibodies in basophils isolated from the blood of healthy volunteers. As a target in the signal cascade of IgE-mediated activation, the authors proposed spleen tyrosine kinase. More recently, the effects of shikonin on a murine model of asthma and the maturation of dendritic cells derived from bone marrow have also been studied [27] . The results demonstrated not only that shikonin at 0.3 µM is able to inhibit the in vitro maturation of dendritic cells but also that in vivo (4.5 µg, once daily for 5 days) it inhibits the allergic reaction and airway hyperresponsiveness in asthmatic mice. To gain insight into the mechanism of action of shikonin as an antiallergic drug, Lee et al. [28] studied the effects of shikonin on TPA plus cAMP-induced Th2 cytokine production in activated EL-4 murine T-lymphoma cells. These cells produce IL-4 and IL-5 but not interferon-γ which is produced by Th2 cell-like cells and is responsible for allergic reactions. Shikonin (0.3 µM) directly inhibited the Th2 responses in T cells by reducing the expression of IL-4, IL-5, and the transcription factors (GATA)-3 and c-Maf, but not T-bet. Moreover, shikonin suppressed the phosphorylation of p38, IκB kinase β, and IκBα while inhibiting the subsequent IκBα degradation induced by TPA + cAMP. However, it seemed to have no effect on the TPA + cAMPinduced activation of ERK and c-Jun N-terminal kinase. These results appear to be contradictory with those obtained by Dai et al. [21] , Kim et al. [22] , and Andújar et al. [25] . However, while these authors published their results based on in vivo studies, Lee et al. [28] were working with a Th2-like cell line. Although the importance of in vitro studies in elucidating mechanisms of action is undeniable, it should be remembered that the complex immune regulatory networks that act throughout the whole organism might completely modify the expected outcome based on results obtained in vitro. Another possible explanation for the aforementioned discrepancies may be the different doses tested. In any case, more studies should be carried out to shed light on how different doses of shikonin may polarize the immune system towards a Th1 or a Th2 response. Shikonin in lupus nephritis: Wang et al. [29] orally administered shikonin (24 and 40 mg/kg/day) to NZB/W F1 mice for 14 weeks and reported that proteinuria was dose-dependently reduced as well as circulating adhesion molecules. Moreover, they observed a downregulation in intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 mRNA expression in the kidneys of the treated mice. The histological examination of the kidney also confirmed that renal glomerular lesions were alleviated after shikonin treatment. The results from this study reveal a possible therapeutic effect of shikonin on lupus nephritis through a mechanism which the authors hypothesize to be an inhibition of the cytokine-induced cellular adhesion molecules. This cytokine inhibition would be a common mechanism displayed in other autoimmune models in which shikonin has been studied, although Wang et al. [29] did not carry out any experiment to confirm this. Effect of shikonin on other animal models: Shikonin has recently also been studied in models of acute pancreatitis [30] and acute lung injury [31] . In the case of the murine model of cerulein-induced acute pancreatitis [30] , shikonin (50 mg/kg) significantly reduced the pancreatic histological scores and the serum amylase and lipase activities. Moreover, the production of the cytokines TNF-α, IL-1β, and IL-6 was reduced, as well as MPO activity. This cytokine and MPO inhibition was also accompanied by a reduced NF-κB activity. Shikonin also decreased the productions of the proinflammatory cytokines TNF-α and IL-1β, and the concentrations of MPO and NO in acute lung injury induced by LPS in mice in a model of acute lung injury [31] . The pretreatment of mice with shikonin significantly suppressed LPS-induced activation of COX-2 and iNOS, as well as the NF-κB DNA-binding activity in lung tissues. These molecular mechanisms described all coincide with those observed in the other mouse models reviewed. It seems reasonable, then, to conclude that the most feasible mechanism involved in shikoninʼs anti-inflammatory activity is the inhibition of the NF-κB pathway, as demonstrated by the different in vivo and in vitro studies cited. The downregulation of this pathway explains perfectly the other effects observed, such as the inhibition of the production of cytokines, adhesion molecules, and other inflammatory mediators. In fact, using LPS-stimulated THP-1 monocytes, Chiu et al. [32] established that shikonin significantly inhibited the early expression of approximately 50 genes, some of them corresponding to relevant cytokines implicated in inflammation (TNF-α, IL-1β, IL-4), chemokines and inflammatory modulators. Their results led them to the conclusion that shikonin strongly inhibits macrophage activation (results which have been confirmed by other authors [18] [19] [20] 25] ), chemotaxis, and T-lymphocyte recruitment. In this same line, Li et al. [33] have recently confirmed that shikonin is able to suppress human T-cell proliferation, IL-2 and IFN-γ secretion, CD69 and CD25 expression, as well as cell cycle arrest activated by costimulation of TPA/ionomycin or OKT-3/CD28 monoclonal antibodies. These effects are mediated by shikonin through the suppression of the NF-κB signaling pathway via inhibition of the IKKα/β phosphorylation, Iκ-Bα phosphorylation and degradation, and NF-κB nuclear translocation by directly decreasing IKKβ activity. Shikonin also suppressed JNK phosphorylation in the MAPKs pathway of T cells. The main animal models in which shikonin has been tested as well as the reported molecular targets for shikonin have been summarized in two tables (l " Tables 1 and 2).
Antioxidant Effects of Shikonin
!
The antioxidant properties of shikonin and its derivatives were studied, and their structure-activity relationship was approximately established by Assimopoulou et al. [34] . All the hydroxynaphthoquinones studied by these authors showed high radical scavenging activity against the DPPH radical; therefore, they established that the presence of the naphthoquinone moiety is essential for the activity, while the side chain possibly plays a minor role. Moreover, in a recently published paper, Jin and Bai [35] studied the radical scavenging activity of shikonin and its derivatives by using density functional theory and demonstrated that the introduction of acyl groups decreases the ionization potential values compared with those of shikonin. However, Zeng [15] obtained a poor activity for shikonin as a DPPH radical scavenger, with an IC 50 value of 56.3 µg/mL, whereas the IC 50 values against ABTS and Fe 2+ /ascorbate/rat brain were 1.93 µg/mL and 6.3 µg/ mL, respectively. Moreover, shikonin had no activity in the superoxide and xanthine oxidase tests. An application for shikoninʼs antioxidant properties has been suggested by Nishizawa et al. [36] : a possible use of shikonin for cigarette filters. These authors quantified the peroxyradicals recovered from cigarette smoke and compared the scavenging activity of shikonin vs. other antioxidants, such as ascorbic acid, reduced glutathione, and epigallocatechin gallate, concluding that, among all the antioxidants studied, shikonin alone exerted the best scavenging activity. Its effectiveness against peroxyradicals together with its heat resistance, non-volatility, and high affinity to the filter are all characteristics that made the authors suggest the possible use of shikonin for cigarette filters.
Neuroprotective Properties of Shikonin ! Shikonin has also been shown to exhibit a neuroprotective effect against the damage caused by ischemia/reperfusion in adult male Kunming mice [37] . This finding implies that treatment with this molecule may exert a significant protective effect against cerebral brain injury. Shikonin administered at a dose of 50 mg/kg (i. g.) once a day for three days before middle cerebral artery occlusion and once again 2 h after the onset of ischemia resulted in a significant decrease in neurological deficit scores, infarct size, and levels of malondialdehyde, carbonyl, and reactive oxygen species. It also attenuated neuronal damage and the upregulation of superoxide dismutase, catalase, and glutathione peroxidase activities while reducing the glutathione/glutathione disulfide ratio. These results indicate that the neuroprotective effects of shikonin against cerebral ischemia/reperfusion injury may be due to its antioxidant effects. This neuroprotective activity of shikonin has also been described by Nam et al. [38] . These authors examined the effect of shikonin and five of its derivatives (acetylshikonin, isobutyrylshikonin, isovalerylshikonin, β,β-dimethylacrylshikonin, and β-hydroxyisovalerylshikonin) on microglial cells which are the prime effectors in immune and inflammatory responses of the central nervous system. Their results indicate that two of shikoninʼs derivatives (isobutyryl-and isovalerylshikonin) were even more effective than shikonin in repressing microglial LPS-induced activation. Finally, in a recently published paper, Esmaeilzadeh et al. [39] demonstrated that shikonin protected dopaminergic neurons against 6-hydroxydopamine-induced neurotoxicity. In fact, the treatment of PC12 cells (rat pheochromocytoma) with shikonin (10 µM) protected nearly 70% of the cells against toxicity, via both glutathione-dependent and direct anti-apoptotic pathways, because shikonin avoided the depletion of intracellular glutathione and upregulated glutathione-independent superoxide dismutase mRNA. These results are in concordance with those of Wang et al. [37] . Moreover, shikonin upregulated Bcl-2, downregulated Bax and prevented cell nuclei from undergoing morphological changes typical of apoptosis. Table 2 In vivo models used for the study of the anti-inflammatory activity of shikonin.
Anti-inflammatory effect of shikonin in vivo
In vivo model Reference Cardioprotective Effects of Shikonin ! Two different studies have suggested a possible cardioprotective effect of shikonin that would be related to its anti-inflammatory and antioxidant effects. To this respect, Andrikopoulos et al. [40] reported that shikonin at 10 µM gave a percentage of protection against the in vitro LDL oxidation of 61 %; however, it did not show a clear dose-dependency. Later, Yoshida et al. [41] did describe a dose-dependent inhibition of the rat thoracic aorta relaxation in response to acetylcholine (pD' 2 value 6.29) and the LPS-induced NO production (82% at 1 µM) in RAW 264.7 cells. Because shikonin inhibits all isoforms of NOS (IC 50 4-7 µM), it was hypothesized that inhibition of NOS is implied in both events. The anti-inflammatory studies carried out with shikonin all coincide in its ability to inhibit inducible NOS; therefore, it is reasonable to suspect, as Yoshida et al. [41] did, that shikonin could also have an effect on the endothelial NOS. However, in view of the apparent discrepancy of these two studies on the cardiovascular effect of shikonin, more studies should be carried out in this field in order to confirm this effect.
Anticancer Activity of Shikonin ! The anticancer effects of L. erythrorhizon have been demonstrated in vitro in B16F10 murine melanoma cells [42] . The n-hexane extract was found to inhibit the growth of melanoma cells with an IC 50 of 2.73 µg/mL. Moreover, L. erythrorhizon treatment at a dose of 10 mg/kg for 21 days in experimental mice implanted with tumors resulted in significant reductions in tumor growth (43%) and weight (36%). Five naphthoquinone compounds (shikonin, deoxyshikonin, β-hydroxyisovalerylshikonin, acetylshikonin, and isobutyrylshikonin) purified from the extract were described as being responsible for its anticancer activity. In a similar study, Kretschmer et al. [43] described the ability of a petroleum ether-soluble extract of the roots of Onosma paniculata (containing several shikonin derivatives, namely, β-hydroxyisovalerylshikonin, acetylshikonin, dimethylacrylshikonin, and a mixture of αmethylbutyrylshikonin and isovalerylshikonin) to exert strong cytotoxicity against eight cancer cell lines and MRC-5 lung fibroblasts. However, the isolated shikonin molecule has been more extensively studied than the root extract as an anticancer agent.
A wide spectrum of anticancer mechanisms of action have been described for shikonin: suppression of NF-κB-regulated gene products [44] , inhibition of proteasome activity [45] , ROS generation [46] , inhibition of tumor-specific pyruvate kinase-M2 [47, 48] , cell cycle arrest [49] , or induction of necroptosis [50] , among others. Since a review on the anticancer activity of shikonin has recently been published [51] , the present review will only focus on the very recently published papers, therefore being an update of the previously published paper. In this sense, Huang et al. [52] have only recently published their results on shikoninʼs ability (at a dose of 3 µM) to induce cell death in C6 and U87 glioma cells through a mechanism that involved the induction of necroptosis, with the participation of the RIP-1 pathway and an increase in oxidative stress. In this same line, Piao et al. [53] tried to examine in more depth the molecular mechanisms involved in cell death initiation by shikonin, both in caspase-dependent and caspaseindependent cell death. In their study they demonstrate that shikonin at 1 µM induced caspase-dependent apoptosis in U937 cells after 6 h with an increase in DNA fragmentation, intracellular ROS, low mitochondrial membrane potential, and with the ex-pression of Noxa and tBid proapoptotic proteins. Necroptosis was also detected but with a higher dose of shikonin (10 µM). At 10 µM, shikonin induced a greater release of cytochrome c from the mitochondria and of lactate dehydrogenase, but Noxa and tBid were not affected. Interestingly, exogenous glutathione completely inhibited 1 µM apoptosis and converted 10 µM necroptosis to apoptosis. In other words, shikonin depletes glutathione dose-dependently, and therefore the oxidative stress induced by shikonin plays an important role in cell death initiation. Moreover, these authors analyzed the gene expression during these processes and found that 353 genes were significantly regulated by 1 µM shikonin (that is, during apoptosis) and 85 genes by 10 µM shikonin treatment (that is, in necroptosis induction). Among these genes, the transcription factor 3 and DNA-damage-inducible transcript 3 were highly expressed at shikonin-induced apoptosis (1 µM), while TNF expression mainly increased at 10 µM treatment.
In addition, Ahn et al. [54] also confirmed the ROS-mediated induction of apoptosis in several cancer cell lines (cervical cancer cell line HeLa, colon cancer cell line Hct116, hepatocellular carcinoma cell line Hep3B, and a lung cancer cell line A549). Their results indicate that shikonin exerts a cytotoxic effect in these cell lines, having a 50% growth inhibition range of 0.5-3.0 µM. Moreover, they demonstrated that elevated ROS levels due to prolonged exposure to shikonin activated ASK1 and p38 MAPK and downregulated p21 Cip1 , which results in G1 arrest, all these events leading to the promotion of apoptosis. These two studies [53, 54] give a deeper insight into the possible mechanism of action by which shikonin induces cell death through a pro-oxidant mechanism. Zhang et al. [55] also justify some properties of shikonin on the basis of its pro-oxidative effects. In this sense, working with HL-60 cells, they demonstrated that treatment with shikonin reduced the glutathione/glutathione disulfide ratio, and the nonenzymatic antioxidant, 4,5-dihydroxybenzene-1,3-disulfonate, showed a remarkable recovery effect on the shikonin-induced decrease in glutathione. Also, when the enzymatic antioxidant and ROS scavengers, superoxide dismutase and catalase were added to cell cultures prior to shikonin, a similar trend was observed in the suppression of ROS production but also in the restoration of glutathione. Based on these results, the authors conclude that shikonin has a specific role of redox homeostasis in regulating HL-60 cell differentiation. A very recently published paper describes the antimetastasis properties of shikonin [56] . The authors treated non-small cell lung cancer A549 cells with shikonin 8 µM for 24 h and demonstrated that shikonin significantly inhibited cell proliferation. When cells were treated with a dose inferior to 2.0 µM for 24 h, cell adhesion to the extracellular matrix was significantly suppressed, as well as invasion and migration. Moreover, they showed that the mechanisms by which shikonin was able to exert this antimetastasis effect involved a reduction in the expression of integrin β1 at the mRNA and protein levels and a repression of the phosphorylation of ERK1/2. These results, together with others previously reviewed [51] , demonstrate that shikonin is able to inhibit or modulate a wide spectrum of cellular targets associated with cancer. Since multiple mechanisms are involved in the development of cancer, a molecule such as shikonin seems to be a promising anticancer agent.
Antimicrobial Activity !
Antibacterial activity
In general, shikonin and its derivatives have been shown to be active against gram-positive bacteria such as Staphylococcus aureus, Enterococcus faecium, and Bacillus subtilis at MICs ranging from 0.30 to 6.25 mg/mL, as well as against various species of lactic acid bacteria. In contrast, they are inactive against gram-negative bacteria such as Escherichia coli, Pseudomonas aeruginosa, and Micrococcus luteus [2, 57] , although a study published in 2011 by Ding et al. [58] demonstrated that at a dose of 200 µM, shikonin inhibits biofilm formation by P. aeruginosa and Stenotrophomonas maltophilia. Initially it was thought that shikoninʼs antibacterial activity derived from a bacteriostatic effect, but a kinetic study revealed that the compound possesses bactericidal properties [2] . In the same study, it was suggested that shikonin could be a useful therapeutic agent against methicillin-resistant S. aureus. In 2002, Shen et al. [59] analyzed the activity of shikonin and some derivatives against methicillin-resistant S. aureus and vancomycin-resistant E. faecium and E. faecalis. In this test, shikonin showed an MIC of 6.25 µg/mL against S. aureus (both methicillinresistant and not resistant), and 50 and 25 µg/mL against E. faecicum and E. faecalis, respectively. This study corroborates shiko-ninʼs inhibitory activity against S. aureus, however, the ester derivatives showed greater potency, especially its methylbutyryl derivative which had MIC values of 1.56 µg/mL against the three resistant microorganisms tested. Recently, Li et al. [60] published a paper in which they recorded an MIC value of 125 µg/mL against S. aureus, but these authors did not study the effect of shikonin on the methicillin-resistant strain. The MIC difference between both studies is remarkable: Li et al.ʼs [60] results are 20 times higher than Shen et al.ʼs [59] , therefore more studies to confirm which is the correct MIC should be carried out. In any case, it is worth mentioning that the two authors used different approaches to determine the MIC. In 2004, Kuo et al. [61] demonstrated that shikonin inhibits the growth of Helicobacter pylori in a dose-dependent manner (IC 50 = 18 µM). Some enzymes of enteric bacteria, including Klebsiella pneumoniae, Salmonella group B, S. aureus, E. coli, and H. pylori, are known to exhibit NAT activity, which contributes to the metabolic activation of chemical carcinogens. In the aforementioned study, the authors were also able to demonstrate the ability of shikonin (4 µM) to inhibit NAT-mediated N-acetylation.
Antifungal activity
There is less consensus in the literature with regard to the antifungal properties of shikonin, alkannin, and their derivatives. As recorded by Papageorgiou et al. [2] , the antidermatophytic properties of shikonin and deoxyshikonin were tested against five fungi: Saccharomyces sake, Trichophyton rubrum, T. mentagrophytes, T. tonsulans var. sulfureum, Microsporum gypseum, and Epidermophyton fluccosum (MIC < 25 mg/mL). Both were found to exert a fungistatic rather than fungicidal action, with deoxyshikonin generally being the more active compound. An ointment containing deoxyshikonin as the main component to control athleteʼs foot was patented, along with other antimicrobial preparations containing mainly shikonin. Papageorgiou et al. [2] reviewed conflicting studies regarding the activity of shikonin and deoxyshikonin against Candida albicans; while several researchers found shikonin and its derivatives to be inactive against C. albicans, others claimed it was active. In 2002, a paper published by Sasaki et al. [62] comparing the effects of shikonin and the standard antifungal fluconazole showed that the fungicidal activity of shikonin (MIC = 4 mg/mL) was 4 times higher against Candida krusei, 2 times higher against Saccharomyces cerevisiae, and the same as that of fluconazole against C. glabrata. Deoxyshikonin also exhibited a more potent activity against C. krusei and S. cerevisiae than fluconazole. While other derivatives tested proved to be less active than the standard, all showed some activity. More recently, Miao et al. [63] demonstrated that shikonin is active against C. albicans, including several fluconazole-resistant strains, against which shikonin (MIC 80 = 4 µg/mL) was shown to be > 16 times more potent than the standard (MIC 80 > 64 µg/mL). Moreover, these same authors found that treatment with shikonin increased the generation of endogenous reactive oxygen species while decreasing mitochondrial membrane potential. They also demonstrated that antioxidants such as N-acetylcysteine and glutathione reduced the antifungal activity of shikonin against C. albicans. Their analyses identified 9 differentially expressed genes related to glycolysis-related genes (CDC19 and HXK2), fermentation-related genes (ALD5 and ADH1), antioxidant defense-related genes (SOD2 and SOD5), a thioredoxin reductaserelated gene (TRR1), a mitochondrial respiratory electron transport chain-related gene (MRF1), and a reduced NADPH oxidoreductase-related gene (EBP1). These results suggest that mitochondrial aerobic respiration shifts and increases in endogenous reactive oxygen species may contribute to the action of shikonin against C. albicans. This antifungal activity has many potential clinical applications, especially when combined with shikoninʼs anti-inflammatory and antibacterial activity, which may be useful to treat mouth ulcers and oral candidiasis resulting from the use of cytotoxic therapies and immunosuppressants, human immunodeficiency virus (HIV) infection, or opportunistic fungal infections in individuals in whom the use of corticosteroids is contraindicated.
Antiparasitic activity
Michaelakis et al. [64] evaluated the concentration-dependent effects of three pure synthetic natural products (alkannin, shikonin, and shikalkin) and three acetylated derivatives of shikonin against Culex pipiens (Culicidae: Diptera). As the authors note, previous studies had found that both shikonin and shikonin angelate exhibited a considerable larvicidal effect against Aedes aegypti larvae, with shikonin giving an LC 50 value of 7 µg/µL while that of shikonin angelate was about 14 µg/µL. Larvicidal bioassays revealed that 100 % mortality was achieved with 10 µg/µL of shikonin, whereas higher doses were needed for other naphtoquinones: 30 µg/µL for alkannin, 20 µg/µL for shikalkin. The assays showed that a relatively high mortality rate (approximately 17 %) could be reached with shikonin concentrations as low as 2 µg/µL. Naphthoquinones showed a higher larvicidal effect than other naturally-occurring biocides such as thymol and carvacrol, which have LD 50 values of 36 µg/µL and 37.6 µg/µL, respectively. In this same study, the authors synthesized three acetylated derivatives of shikonin in order to elucidate the structure-activity relationships of shikonin-type compounds with larvicidal activity against C. pipiens. Their results showed that although hydroxylic groups seem to play a secondary role in the efficacy of these compounds, the quinone moiety is essential. In this context, Ali et al. [65] demonstrated that shikonin exhibits the highest toxicity for intracellular persisting Leishmania major GFP parasites, with an IC 50 value of 1.9 µM. Moreover, when comparing shikonin with its parent analogue, naphtazarin, they concluded that the presence of the 1′-hydroxy-3′-isohexenyl substituent at C-3 en-hanced the activity and that esterification of the side chain hydroxyl reduced the antileishmanial activity. The presence of the free hydroxyl group is apparently a major contributing factor in shikoninʼs antileishmanial activities.
Antiviral activity
A recent upsurge of studies on the antiviral activity of shikonin have also produced promising results, with shikonin reportedly exhibiting in vitro activity against HIV type 1 [66, 67] . In particular, Chen et al. [66] examined the effects of shikonin against the HIV-1 receptor antagonist activity of multiple chemokines. At nM concentrations, shikonin inhibited monocyte chemotaxis and calcium flux in response to a variety of chemokines. It downregulated surface expression and mRNA expression of CCR5, a primary HIV-1 co-receptor, in macrophages to a greater degree than the other receptors. Additionally, shikonin inhibited the replication of both a multidrug-resistant strain and pediatric clinical isolates of HIV in human peripheral blood mononuclear cells, with IC 50 values ranging from 96 to 366 nM. Shikonin also effectively inhibited the replication of the HIV Ba-L isolate in monocytes/macrophages (IC 50 = 470 nM). These results suggest that both the anti-HIV and the anti-inflammatory activities of shikonin may be related to its interference with chemokine receptor expression and function. The authors therefore consider shikonin, a naturally occurring, low-molecular-weight pan-chemokine receptor inhibitor, to be a potential lead molecule for the design and development of therapeutic agents against HIV. In 2011, Gao et al. [68] reported on the antiviral effects of shikonin against AdV3. These authors found that shikonin inhibited growth of AdV3 in a concentration-dependent manner (0.0156-1 µM), with a virus inhibition rate of 24-69%. Specifically, expression of the hexon protein in AdV3 was higher in the virus control group than in the shikonin-treated groups, while the rate of shikonin-treated HeLa cell apoptosis decreased significantly with increasing concentrations of the drug. These results indicate that shikonin possesses anti-AdV3 capabilities and that the potential antiviral mechanism most likely involves the inhibition of both apoptosis and hexon protein expression of AdV. More recently, several phytochemicals from Arnebia euchroma, including shikonin, have been assessed for their activity against the HCV [60] . Among the compounds tested, shikonin exhibited the most potent anti-HCV activity, with an effective concentration (EC) 50 value of 25 ng/mL, far lower than that of the positive control ribavirin (EC 50 = 2.6 µg/mL), and a CC 50 of 1.1 µg/mL. Shikonin thus seems to be an HCV replication inhibitor and may therefore be a good candidate for further optimization and drug development.
Shikonin in Wound Healing
!
Medicinal use of the root of Lithospermum erythrorhizon dates back to the second century, but the first written reference to its therapeutic qualities can be found in a traditional Chinese medical text from 1596, Pen Tsʼao Kang Mu [4] . This medical compendium recommends using the root for the treatment of burns, anal ulcers, hemorrhoids, and skin wounds. It was not until 1976 that this property of shikonin was confirmed experimentally by Papageorgiou et al. [4] . Subsequent experimental animal models and clinical studies have demonstrated the efficacy of shikonin and alkannin esters in wound healing, leading to the appearance of a number of pharmaceutical formulations: Histoplastin Red ® (Chropi), Epouloderm ® (Farmalex), and Helixderm ® (PNG Gerolymatos). Histoplastin Red ® was tested in patients with chronic leg ulcers that had resisted previous attempts at treatment. After 5 to 6 weeks of application, complete healing, or at least a considerable reduction of the ulcer, was observed. The success rate was 80 % with no inflammatory processes recorded during treatment [4] . Later studies confirmed the efficacy of this ointment for the treatment of decubitus ulcers, leprosy, anal fissures, and burns, against which, according to the authors, it was more effective than Betadine ® (povidone-iodine) and Fucidine ® (fusidic acid) [4] .
In a recent study conducted by Karayannopoulou et al. [69] , the effect of an alkannin/shikonin-based ointment on second intention wound healing of surgically created, acute, non-contaminated wounds in dog skin was compared with that of LRS. The histological findings point to the ability of the ointment to promote angiogenesis, collagen production, and epithelialization of the lesions, although the time to complete wound closure was not significantly higher than in the control group (which was given only LRS). These results contradict those of previous human clinical trials, which had demonstrated the compoundʼs efficacy in clinical cases of chronic, severe, or contaminated wounds. The authors explained this difference by arguing that LRS is a lavage solution capable of achieving closure of an open wound once it is clean; however, in contaminated wounds, the use of antiseptics or antibiotics in the lavage solution may damage tissues. Therefore, in the case of contaminated wounds, the use of an alkannin/shikonin ointment may be more beneficial.
Hsiao et al. [70] recently generated a biochemical and proteomic platform to establish the molecular basis of the wound healing process induced by L. erythrorhizon and shikonin. In their study they found that both the ethanol extracts of L. erythrorhizon and shikonin (100 nM) were able to promote cell proliferation in fibroblasts by up to 25% and decrease cell migration. The proteomic analysis identified twenty-two differentially expressed proteins when fibroblast cells were treated with the extract or with shikonin; these proteins were categorized into six hierarchical clusters entailing antioxidant activity, apoptosis, cell mobility, proliferation, metabolism of abnormal proteins, and collagen secretion. This indicates that the efficacy of L. erythrorhizon in wound healing may derive from a synergistic effect on a number of factors. Assays by these same authors using an animal model confirmed that the ethanol extract of L. erythrorhizon was able to accelerate wound healing on the back flank of SD rats. More recently, Andújar et al. [71] demonstrated that shikonin (1 µM) promoted wound healing in intestinal epithelial cells (IEC-18) through a mechanism that involved the increase of cell migration and TGFβ 1 induction, without increasing cell proliferation. However, the apparently contradictory results to those published by Hsiao et al. [70] could be explained by the fact that the cell lines studied are different, and, although both fibroblasts and IEC are implicated in wound healing processes, they have different roles. In any case, the wound healing effects of the root of L. erythrorhizon have been known for centuries in traditional Chinese medicine; therefore, although the data published today may seem contradictory, a deeper study of this property is worth doing in order to elucidate the mechanism of action involved in this demonstrated activity of shikonin.
Shikonin and Glucose Metabolism
!
Recently, Gwon et al. [72] demonstrated the antiobesity effects of L. erythrorhizon on C57BL/6J mice fed with a high-fat diet and justified these effects by a mechanism mediated by the suppression of lipogenic genes in the liver and adipogenic transcription factors in white adipose tissue. They also established that acetylshikonin is, at least in part, responsible for these effects, but they did not study other derivatives present in the active extract, such as shikonin.
Other authors who have studied the antiobesity effect of shikonin have tried to elucidate its mechanism of action with regard to the adipogenesis of 3 T3-L1 cells [73] . Shikonin (IC 50 = 1.1 µM) was found to inhibit fat droplet formation and triglyceride accumulation in 3 T3-L1 adipocytes through a mechanism involving the inhibition of genes implicated in lipid metabolism, such as FABP4 and LPL. Shikonin also inhibited the ability of PPARγ and C/EBPα, the major transcription factors of adipogenesis, to bind to their target DNA sequences. Among the upstream regulators of adipogenesis, only SREBP1C was found to be downregulated by shikonin, which suggests that shikonin first inhibits the expression of SREBP1C and subsequently the expression of PPARγ and C/EBPα, resulting in the suppression of lipid metabolizing enzymes and the reduction of fat accumulation. In a more recent paper [74] , these same authors demonstrated that shikonin inhibits adipogenesis in vitro through the activation of the WNT/β-catenin pathway to maintain the nuclear levels of β-catenin, thereby suppressing the expression of PPARγ, C/EBPα, and intracellular fat accumulation. The suggested targets for shikonin in glucose metabolism are compiled in l " Fig. 3 . Kamei et al. [75] reported that treatment with 10-50 µM of shikonin stimulated glucose uptake in 3 T3-L1 cells, not through the insulin receptor, insulin receptor substrate proteins, or phosphatidylinositol 3-kinase, but through an unidentified tyrosine kinase-mediated mechanism, resulting in the activation of Akt ki-nase and the stimulation of glucose uptake by GLUT4 translocation. Moreover, in Chinese hamster ovary cells transfected with the insulin receptor, shikonin (30 µM) inhibited phosphatase and the tensin homolog, which may explain some of its insulinlike actions, especially increased glucose uptake [76] . Comparing the results obtained by Kamei et al. [75] and Nigorikawa et al. [76] to those published by Lee et al. [73, 74] , at least two possible targets for shikonin seem likely: (i) a target for the activation of glucose uptake and (ii) a target for the inhibition of fat accumulation, with the latter being efficiently inhibited at much lower concentrations. In contrast to these findings, Öberg et al. [77] recently demonstrated that shikonin (1 µM) increased glucose uptake in L6 myotubes to the same extent as insulin without affecting Akt-phosphorylation. These results seem to indicate that shikonin increases glucose uptake and, as a consequence, the intracellular levels of calcium in myotubes through an insulin-independent pathway. These authors concluded that shikonin enhances GLUT4-translocation from intracellular vesicles to the cell surface in L6 myoblasts, which is the same end mechanism as that used by insulin, but with a different intracellular signal (Akt-phosphorylation). For this reason, the authors hypothesize that shikonin may also affect glucose uptake in insulin-insensitive muscles. In addition, Öberg et al. [77] also demonstrated the beneficial effect of shikonin in vivo on spontaneously diabetic Goto-Kakizaki rats. When the rats were treated with 10 mg/kg of shikonin (i. p., once daily for 4 days), their levels of glucose in plasma decreased significantly. Moreover, an insulin sensitivity test (0.5 U/kg insulin, s. c.) found significantly lower glucose levels in the shikonintreated group. The authors concluded that shikonin has a potentially beneficial effect on glucose metabolism, which makes it of considerable interest for developing novel treatments against type 2 diabetes. Fig. 3 Suggested targets for shikonin in glucose metabolism. C/EBPα (CCAAT/enhancer binding protein α); GLUT4 (glucose transporter type 4); IRS (insulin receptor substrate protein); PI3K (phosphatidylinositol 3-kinase); PPARγ (peroxisome proliferator-activated receptor γ); PTEN (phosphatase and tensin homolog); SREBP1C (sterol regulatory element-binding protein 1C). Black continuous line means activated by shikonin; dotted line means inhibited by shikonin.
Conclusion
! Modern science has gone a long way in demonstrating that the medicinal properties attributed by ancient folk traditions to the roots of L. erythrorhizon and other species of the Boraginaceae family have a scientific basis, lending credence to the use of these medicinal plants as a valuable source of modern drugs. In this sense, shikonin is being highlighted as a promising molecule due to all the beneficial effects that have been associated with its use. In fact, a molecule that is able to act simultaneously on various targets represents a great advantage in the treatment of different diseases. For example, the antimicrobial properties of shikonin are an added benefit to its wound healing properties since a drug that can both close a wound while preventing infection and swelling is highly beneficial. This example can be extended to the case of an inflammatory pathology such as ulcerative colitis, in which the anti-inflammatory activity of shikonin can clearly improve the evolution of the disease. Moreover, this particular type of disorder produces defects in the intestinal epithelial barrier, which in turn lead to an increase in the concentration of anaerobic bacteria with N-acetyltransferase activity, which can activate certain carcinogens. While shikonin exerts no antimicrobial activity against these bacteria, it is able to inhibit the enzyme and therefore play a protective role. Moreover, the wound-healing effects of this molecule also contribute to the treatment, since the sooner the intestinal ulcers heal, the sooner the patient recovers. There are even economic benefits when one drug has the same effect as three. Still, uncertainties remain, since shikonin shows different effects depending on the dose tested. Future studies should thus be developed to clarify and define not only the molecular targets for shikonin and some of its derivatives, but also the clinical potential of these molecules.
